Cell migration involves complex physical and chemical interactions with the substrate. To probe the mechanical interactions under different regions of migrating 3T3 fibroblasts, we have disrupted cell-substrate adhesions by local application of the GRGDTP peptide, while imaging stress distribution on the substrate with traction force microscopy. Both spontaneous and GRGDTPinduced detachment of the trailing edge caused extensive cell shortening, without changing the overall level of traction forces or the direction of migration. In contrast, disruption of frontal adhesions caused dramatic, global loss of traction forces before any significant shortening of the cell. Although traction forces and cell migration recovered within 10 -20 min of transient frontal treatment, persistent treatment with GRGDTP caused the cell to develop traction forces elsewhere and reorient toward a new direction. We conclude that contractile forces of a fibroblast are transmitted to the substrate through two distinct types of adhesions. Leading edge adhesions are unique in their ability to transmit active propulsive forces. Their functions cannot be transferred directly to existing adhesions upon detachment. Trailing end adhesions create passive resistance during cell migration and readily redistribute their loads upon detachment. Our results indicate the distinct nature of mechanical interactions at the leading versus trailing edges, which together generate the mechanical interactions for fibroblast migration.
INTRODUCTION
The migration of cultured fibroblasts has been studied in detail for many decades (Abercrombie et al., 1970; Harris et al., 1980) . The process consists of cycles of frontal extension and tail retraction, coupled to complex mechanical interactions between the cellular contractile apparatus and the substrate through integrin-mediated adhesion sites (Yamada and Miyamoto, 1995; Lauffenburger and Horwitz, 1996; De Beus and Jacobson, 1998; Sheetz et al., 1998; Horwitz and Parsons, 1999) . It is generally agreed that frontal protrusion serves as a means to extend forward and establish new adhesion structures, whereas the transmission of contractile forces to the substrate at adhesion sites causes the cell body to move (Lauffenburger and Horwitz, 1996; Sheetz et al., 1998; Burton et al., 1999; Elson et al., 1999; Svitkina and Borisy, 1999) . However, the exact mechanism of fibroblast migration remains controversial.
To begin to understand the physical principle of cell migration, it is important to characterize the spatial and temporal pattern of mechanical interactions between the cell and the substrate. We have recently developed a method, traction force microscopy, for imaging the distribution of mechanical stresses exerted by a cultured cell (Dembo and Wang, 1999) . Traction images of migrating 3T3 cells indicated a general centripetal pattern of forces, with strong stresses located at the leading edge, lateral protrusions, and sometimes at the trailing edge (Dembo and Wang, 1999; Munevar et al., 2001) . There are also weak, diffuse forces distributed under most of the cell body with a forward bias. These observations indicate that the cell body is indeed under tension and that constant mechanical cross-talk takes place among widely separated regions of the cell.
From the centripetal pattern of traction forces, one can conclude that propulsive actions for cell migration are concentrated at the leading edge (Dembo and Wang, 1999; Munevar et al., 2001) . However, unregulated centripetal contractions would simply cause the cell to collapse. Sustained cell migration can take place only through a tight coordination of the protrusive activities, the assembly and disassembly of adhesion structures, and the distribution of traction forces (Galbraith and Sheetz, 1997; Svitkina et al., 1997; Oliver et al., 1999) . Different theories, not necessarily exclusive of one another, emphasize different mechanical aspects and differ with respect to the scenario of events. In a simple tug-of-war mechanism, peripheral regions of the cell try to walk away from the cell center, and the region that generates the strongest forces determines the overall polarity. Thus, forces in different regions are qualitatively identical but differ in their magnitudes. From the retraction of tails coupled to the surge in protrusion (Chen, 1981) , it has also been suggested that the elasticity of the cell body may play a role in cell migration, by storing potential energy like a rubber band. The direction of cell migration is determined primarily by the preferential rupture of adhesive bonds at the tail, followed by the conversion of stored potential energy in a stretched cell body into kinetic energy for forward migration. In the "frontal towing" mechanism, the leading edge represents a unique region that provides active forces for dragging a passive cell body across the substrate. This model contends that mechanical interactions at the leading edge differ both quantitatively and qualitatively from those under the rest of the cell body.
Important insights into the mechanism of fibroblast migration can be gained by determining not only the distribution but also the nature of traction forces in relation to the cell morphology and migration. Forces exerted on the substrate could reflect either active pulling or passive resistance to forces exerted elsewhere, and it is the active forces that drive the migration of the cell. In the present study, we combined traction force microscopy with focal release of the GRGDTP peptide, a competitive inhibitor of integrinextracellular matrix (ECM) binding, to disrupt cell adhesions at defined regions. The results indicate the distinct nature of mechanical interactions at the leading versus trailing edges and suggest that the frontal towing mechanism plays a major role in fibroblast migration.
MATERIALS AND METHODS

Preparation and Characterization of Polyacrylamide Substrates
Thin sheets of polyacrylamide gel were prepared from acrylamide (40% wt/vol; Bio-Rad, Hercules, CA) and N,N-methylene-bis-acrylamide (2% wt/vol; Bio-Rad) and adhered to activated coverslips as described previously (Wang and Pelham, 1998) . All the substrates used in this study contained 5% acrylamide, 0.1% N,N-methylenebis-acrylamide, and 1:100 dilution of fluorescent latex beads (0.2-m FluoSpheres; Molecular Probes, Eugene, OR). Fifteen microliters of the acrylamide solution was spread onto the surface of an activated large rectangular coverslip (45 ϫ 50 mm) and induced to polymerize under a 22-mm-diameter circular coverslip. Type I collagen was covalently attached to the surface of the polyacrylamide gel with the use of photoactivatable heterobifunctional reagent sulfosuccinimidyl 6 (4-azido-2-nitrophenyl-amino) hexanoate, as described previously (Wang and Pelham, 1998) .
Steady-state thickness of the polyacrylamide sheets at 37°C was estimated to be ϳ75 m, by focusing a microscope with a calibrated focusing knob from the glass surface to the surface of the polyacrylamide gel. Young's modulus of the polyacrylamide sheets was determined as described previously (Lo et al., 2000) , with the use of a method based on the Hertz theory (Radmacher et al., 1992) . This method yielded a Young's modulus of 2.8 ϫ 10 4 N/m 2 .
Calculation and Rendering of Traction Stress
Traction force microscopy was performed as described recently (Munevar et al., 2001) . Briefly, deformation of the substrate caused by cellular traction forces was determined relative to the relaxed substrate with the use of a pattern recognition algorithm. Coordinates defining the deformation field and cell boundary were analyzed with a Bayesian method to determine maximum likelihood traction vectors at preassigned nodes throughout the cell (Dembo and Wang, 1999) . Pseudocolor images were obtained by first determining the magnitude of the traction stress at each pixel within the cell boundary and then converting the magnitude into different red-green-blue color combinations.
Cell Culture and Microscopy
Polyacrylamide substrates were equilibrated with culture medium for ϳ30 min at 37°C. NIH 3T3 cells were cultured in DMEM (Sigma, St. Louis, MO), supplemented with 10% donor calf serum (JHR Biosciences, Lenexa, KS), 2 mM l-glutamine, 50 g/ml streptomycin, and 50 U/ml penicillin (Invitrogen, Carlsbad, CA). Phase images of cells and fluorescent images of substrate-embedded beads were collected with a 40ϫ/numerical aperture 0.75 Plan-Neofluar phase objective on a Zeiss Axiovert S100TV microscope equipped with a custom stage incubator. Bead images of relaxed substrates were collected at the end of time-lapse recording by removing the cell with a microneedle. All images were collected with a cooled charge-coupled device camera (ST133 controller with an EEV Type57 back-illuminated frame-transfer charge-coupled device chip; Roper Scientific, Trenton, NJ) and processed for background subtraction with the use of custom programs.
Local Application of GRGDTP Peptide
A synthetic peptide Gly-Arg-Gly-Asp-Thr-Pro (GRGDTP) (G-5646; Sigma) was used to disrupt cell substrate attachment (Dedhar et al., 1987; Gehlsen et al., 1988 ). An inactive synthetic peptide, Gly-ArgGly-Glu-Ser-Pro (GRGESP) (H-3136; Bachem, Torrance, CA), was used as a control (Pytela et al., 1986) . Both peptides were dissolved to a concentration of 5 mg/ml in phosphate-buffered saline containing 5 mg/ml rhodamine dextran (Molecular Probes), which served as an inert fluorescent marker for visualizing the distribution of the released solution. Application of the rhodamine dextran marker alone had no discernable effect on migrating cells. Focal release of GRGDTP was carried out as described in O' Connell et al. (2001) . The peptide was loaded into a release microneedle connected to a source of regulated compressed air. A suction micropipette was prepared by breaking and fire polishing the broken tip of a microneedle with the use of a microforge (Narishige, Tokyo, Japan) and was then connected to a regulated source of vacuum. The release and suction micropipettes were mounted on a custom micromanipulator that allowed both precise relative positioning of the two needles and their simultaneous movements. Generally, the suction pipette was positioned 20 -40 m behind the release needle at a slightly higher elevation. Because of the continuous liquid flow, the distribution of GRGDTP was determined by the flow pattern rather than its diffusion. By balancing the rates of release and suction, the distribution of GRGDTP was maintained in a region 10 -15 m in diameter as judged by the distribution of rhodamine dextran.
RESULTS
Imaging and Manipulating Cell-Substrata Mechanical Interactions
The basic approach for mapping traction stresses was described in Dembo and Wang (1999) and was recently modified by Munevar et al. (2001) . The method is based on the use of flexible polyacrylamide substrates, coated with extracellular matrix proteins (type I collagen in the present study) for cell adhesion, and embedded with fluorescent beads for tracking the deformation caused by exerted forces. The magnitude of the traction stress was calculated at each pixel and displayed as pseudocolor images or movies.
Although the substrate was coated with type I collage, it is possible that additional components such as fibronectin were recruited to the surface. Cell-substrate interactions were disrupted by focal release of the GRGDTP peptide (see MATERIALS AND METHODS), which was reported to inhibit cell attachment to fibronectin, vitronectin, and type 1 collagen (Dedhar et al., 1987; Gehlsen et al., 1988) , and caused the detachment of 3T3 cells in a highly controlled and localized manner. This manipulation served two purposes. The first was to probe the coordination of activities in different regions, by determining whether detachment of one region leads to changes in cell length or protrusive activities in other regions. The second purpose was to classify traction forces in specific areas. Because traction forces are globally balanced over the cell, local disruptions of adhesions must be compensated by changes in traction forces at distant sites. One possibility is that local disruption causes an immediate decrease in the magnitude of distal stresses pointing in the opposite direction. This occurs when the disrupted adhesions are directly connected to a contractile apparatus that acts on the rest of the cell, and will be referred to as "active" tractions. Alternatively, local disruptions may not impair the average traction output but are compensated by an increase in the magnitude of proximal stresses that point at a similar direction. This happens when a group of adhesions shares the job of resisting contractile forces generated elsewhere, and will be referred to as "passive" or "reactive" tractions.
Responses of Traction Forces and Cell Migration to Spontaneous and Induced Tail Retraction
Most NIH 3T3 cells migrated on polyacrylamide substrates with stable, well-defined leading and trailing edges ( Figure  1A ). We first tested the involvement of the elasticity of cell body in cell migration. As predicted by some of the models such as the "elastic cell body" model (see INTRODUC-TION), traction forces should increase in proportion to the cell length and decrease precipitously upon tail retraction. Contrary to this idea, however, we observed no change in the average magnitude of traction stress during cell elongation. Furthermore, spontaneous tail retraction was actually associated with a slight increase in frontal traction forces (Figure 1, E-H) .
To substantiate the results with spontaneous tail retraction, we induced tail retraction with focal release of GRGDTP (n ϭ 8 cells). This treatment again caused a dramatic decrease in cell length (Ͼ40%) accompanied by a slight increase in frontal traction stress (Figure 2 , E-H), whereas the average magnitude of traction stress showed no significant change (Figure 2I) . Both spontaneous and induced tail releases caused a transient increase in the rate and no change in the direction of cell migration. Application of GRGESP, a control peptide, caused no discernable detachment of the cell or change in substrate deformation.
On the loss of adhesion and traction forces at the tail, global balance was maintained by an immediate increase of tractions in other trailing regions (Figure 1 , G and H, arrowheads). Together, these observations indicate that traction forces near the tail of a locomoting 3T3 cell are of the passive or reactive type.
Responses of Traction Forces and Cell Migration to Induced Frontal Retraction
The results with tail release indicated that a large portion of tail forces may be actively generated elsewhere, whereas the tail serves only as a site of passive anchorage. A similar approach with GRGDTP was thus applied to assess the effects of frontal release on traction forces and cell migration (n ϭ 11 cells).
Limited detachment of the leading edge, induced by transient application of the GRGDTP peptide near the tip of the cell, resulted in an immediate and global decrease in traction stress by as much as 90%, before any significant decrease in cell length (Figure 3, D-F) . Although the treatment caused the leading edge to collapse, upon removal of the peptide the lamellipodium and the traction forces returned within 10 -20 min and cell migration resumed along the previous direction ( Figure 3G ). Sustained applications of GRGDTP caused the cell to switch its direction of migration by establishing a new leading lamellipodium in a distal area ( Figure  4, A-D) . Application of the control peptide GRGESP again had no effect. These results indicate that traction forces were actively applied to the protrusive regions of the cell independent of the length or elastic properties of the cell. Furthermore, unlike tail detachment, the loss of frontal adhesion cannot be compensated by simply shifting the traction forces to other preexisting adhesion sites. These "active" traction forces appeared to reestablish only by the formation of new adhesion sites.
DISCUSSION
The first step toward a mechanistic understanding of cell migration is to determine the dynamic distribution of traction forces at the cell-substrate interface in relation to cell migration. We have extended the elastic substrate approach (Harris et al., 1980; Wang and Pelham, 1998; Pelham and Wang, 1999) by introducing computational methods capable of converting substrate displacements into high-resolution fields of traction vectors (Dembo et al., 1996; Dembo and Wang, 1999) . As currently implemented, this methodology is capable of providing dynamic images of the traction stress under live cells, with a maximum temporal resolution on the order of few seconds and an estimated spatial resolution of 5-6 m (Beningo et al., 2001; Munevar et al., 2001) . Analysis of polarized migrating 3T3 fibroblasts indicated that strong inward tractions were localized at the leading edge, lateral protrusion, and sometimes at the trailing edge of the cell. However, although these images clearly indicated that the cytoskeleton is under tension and that propulsive actions are concentrated at the front, they shed limited light on where forces are actively exerted and how they are converted into directional cell migration.
To probe into the functional role of traction forces in different regions, we have coupled traction force microscopy with focal release of GRGDTP. The responses of traction stress and cell migration to localized disruption of cellextracellular matrix adhesions allowed us to gain unique insight into the mechanism of fibroblast migration. Our results indicated fundamental differences between traction forces at the front and rear of a 3T3 fibroblast. Release of frontal adhesions caused a drastic, global decrease in traction forces, indicating that integrins and the associated cytoskeleton in this region are rather specialized in their abilities to transmit active forces and to maintain the general tension throughout the cell. Moreover, the force-generating mechanism cannot be rapidly recycled to preexisting adhe- sion sites upon detachment, but appeared to function only on new adhesion sites in the protrusive region. On the contrary, release of adhesions at the tail caused no decrease in traction forces elsewhere, indicating that they are passive anchors resisting forces generated in other regions and transmitted through the cell body. Furthermore, although tensile stresses along the cell body were often focused disproportionally onto a small subset of adhesion sites at the tail, these resistive forces were spread dynamically among multiple adhesion sites and were able to redistribute immediately upon the formation and dissociation of substrate adhesions. This may ensure a high degree of mechanical leverage for tail retraction and could be an important factor in maintaining the front-back asymmetry that enables the cell to migrate forward.
Our results further indicate that frontal and rear adhesion sites play different roles in maintaining the cell length. Dissociation of frontal adhesions caused a drastic loss of traction forces before any cell shortening becomes apparent. Conversely, both spontaneous and induced tail retraction caused striking shortening without a concomitant decrease in the overall traction stress. These observations may be explained if the elongated cell body is maintained by anchoring sites located at the tail and along the cell body, and the leading edge itself constitutes a mechanically distinct entity that exerts strong forces to tow this anchored cell body forward (Munevar et al., 2001) .
The present results also help address several potential mechanisms in cell migration (Bray, 2001) . One common notion is that the cell consists of a network of contractile fiber attached to the substrate at various places. Directional migration arises as a result of differential distribution of traction forces. This "tug-of-war" mechanism predicts that disruption of frontal attachments should not cause a dramatic, global decrease in tension, but simply cause the cell to contract toward the center until the tension is taken up by remaining adhesions, much like the detachment of the tail. This is clearly at odds with our findings. To account for tail retraction, some models place the emphasis on the elastic characteristics of the cell body, and use the conversion between potential and kinetic energies as an important part of the migration mechanism. However, the present results showed no evidence for the correlation between cell length and traction forces, or the storage of a significant amount of elastic energy for propelling cell movement, although such changes in cell length and cytoskeletal tension may serve an indirect function in regulating the rate or direction of cell movements (Chen, 1981) . Our observations are in general accord with the notion that the tension in the cell body is the result of continuous contraction, maintained at a more or less constant level regardless of cell length.
The present results are consistent with our recent finding that nascent focal adhesions near the leading edge are involved in generating transient propelling forces (Beningo et al., 2001) , possibly coupled to the assembly of myosin II ribbons and minifilaments observed previously in this area (McKenna et al., 1989; Verkhovsky and Borisy, 1993; Svitkina et al., 1997) . Important questions remain concerning the molecular interactions responsible for the generation and transmission of mechanical forces, the nature of chemical signals regulating the "active" and "passive" traction forces in different regions, and the possible differences between the mi- gration of fibroblasts and other types of cells. This interface between physical forces and chemical signals lies at the very heart of the mechanism that drives the directed cellular migration in a physiologically responsive manner.
